Klinefelter syndrome (KS: 47,XXY), occurs in one in 1000 male births. Men with KS are infertile and have higher rates of aneuploidies in sperm compared with normal fertile men. In the course of analyzing recombination in a population of infertile men, we observed that four men in our study presented with KS. We examined whether these men differed in recombination parameters among themselves and relative to normal men. Even though the number of men with KS analyzed was small, we observed remarkable variation in spermatogenesis. In spite of the fact that the men had the same genetic cause for infertility, two of four KS patients had few or no spermatogenic cells that progressed through meiosis to the pachytene stage, whereas the other two men produced abundant pachytene cells that had recombination frequencies comparable with those of fertile men, although one had a significant reduction in fidelity of synapsis. Moreover, regardless of histological appearance, examination of outcomes of assisted reproduction indicated that sperm were extracted from testis biopsies in all four cases, and when used in assisted reproductive practices chromosomally normal babies were born. These results reinforce that: (i) men with the same underlying genetic cause for infertility do not present with uniform pathology, (ii) the checkpoint machinery that might arrest spermatogenesis in the face of chromosomal abnormalities does not prevent pockets of complete spermatogenesis in men with KS, and (iii) aneuploidy, in some cases, is compatible with birth of a chromosomally normal child, suggesting that sperm produced from a background of aneuploidy can be normal in men with KS. Reproduction (2005) 130 223-229 q 2005 Society for Reproduction and Fertility Recombination in men with Klinefelter syndrome 229 www.reproduction-online.org Reproduction (2005) 130 223-229
Introduction
Meiosis is a well-conserved process of DNA replication followed by two cell divisions to generate haploid gametes. Aneuploidy arises in meiosis I or II by nondisjunction and is a rare event in most organisms. For example, rates of aneuploidy in meiotic cells have been reported as 1/10 000 cells for Saccharomyces cerevisiae, 1/6000 for Drosophila melanogaster and approximately 1/100 to 1/200 for mice (Hassold & Hunt 2001) . Surprisingly, the rate of aneuploidy in humans may be as high as 1/10 to 1/30, depending on factors such as age and sex (Hassold & Hunt 2001) . Aneuploidy is detected in approximately 5% of clinically recognized pregnancies. However, in general, most aneuploidies are eliminated early in gestation. Less than 1% of newborns are trisomic, and clearly sex chromosome trisomies are less severe than those of autosomes (Thomas & Hassold 2003) . Although maternal errors account for more than 95% of autosomal trisomies, it is notable that paternal errors account for 50% of cases of Klinefelter syndrome (KS: 47,XXY) (Simpson et al. 2003) .
KS occurs in 1 of every 1000 male births and is characterized by several features including infertility, typically azoospermia (no sperm in the semen), small testes and penis, Leydig cell hyperplasia, androgen deficiency, abnormally long limbs, sparse or absent facial, pubic or body hair, feminine distribution of adipose tissue, and increased frequencies of autoimmune disorders and learning disabilities (Smyth & Bremner 1998 , Simpson et al. 2003 . It is reported that men with KS also have higher rates of sex chromosomal aneuploidy ranging from 0.1 to 50% and autosomal aneuploidy (of chromosomes 13, 18 and 21) in their sperm compared with normal fertile men (Moosani et al. 1995 , Martini et al. 1996 , Guttenbach et al. 1997a , Estop et al. 1998 , Foresta et al. 1998 , Kruse et al. 1998 , Aran et al. 1999 , Lim et al. 1999 , Okada et al. 1999 , Rives et al. 2000 , Hennebicq et al. 2001 , Levron et al. 2001 , Morel et al. 2003 , Simpson et al., 2003 , an observation paralleled by studies in 41,XXY mice (Mroz et al. 1999) . It is also well established that spermatogenesis in male XXY mice generally arrests prior to the onset of meiosis (Lue et al. 2001 ). Production of spermatids may be a result of rare patches of breakthrough spermatogenesis in which germ cells may survive and progress through meiosis (Lue et al. 2001) . Thus, XXY mice have abundant Sertoli and Leydig cells but few or no germ cells in the spermatogenic tubules; moreover, aneuploidies of both autosomal and sex chromosomes are increased in XXY mice (Mroz et al. 1999) .
Due to the higher rates of both autosomal and sex chromosomal aneuploidy found in sperm of men with KS, we hypothesized that these men may have altered recombination parameters compared with normal fertile men. Reagents that mark sites of recombination can be used to analyze recombination frequencies in human spermatocytes (Barlow & Hulten 1998 , Lynn et al. 2002 . Antibodies that localize to sites of recombination and to the synaptonemal complex (SC) allow the quantification of recombination events per meiotic pachytene cell and the analysis of synapsis fidelity. We recently reported that men with few or no sperm had reduced recombination frequencies (Gonsalves et al. 2004 ). In addition, recent case reports identified an infertile man who had a complete arrest in meiosis associated with failure to form the SC, and a man with non-obstructive azoospermia with reduced recombination frequency and discontinuities in the SC (Judis et al. 2004 . Thus, the tools to examine recombination in single spermatocytes are now available and substantial evidence suggests that men with different phenotypes have altered recombination. In this study, we directly compared recombination frequencies and synapsis fidelity in men with KS with those of fertile men with normal spermatogenesis; we then examined the results of ART (assisted reproductive techniques).
Materials and Methods

Tissue collection
Informed consent for collection of tissues was obtained from patients presenting for treatment of male infertility at Cornell University Medical Center and at the University of California at San Francisco, as appropriate. All of the procedures were in accordance with the responsible committee on human research and with the Helsinki Declaration of 1975, as revised in 1983. In most cases, one-third of each sample was processed immediately for meiotic analysis, another third was preserved individually at 280 8C for molecular analysis and the remainder was fixed in Bouin's fixative for histological analysis.
Meiotic analysis
Testis tissue was processed as previously reported (Barlow & Hulten 1998 , Lynn et al. 2002 , Gonsalves et al. 2004 . Primary antibodies used were: human anti-CREST (gift from Bill Brinkley, Baylor College of Medicine), mouse anti-mut-L homolog 1 (MLH1) (Oncogene, La Jolla, CA, USA) and rabbit anti-rat SC protein 3 (SCP3) (gift from Christa Heyting, Wageningen University). The CREST antibody localizes to the centromere, the MLH1 antibody localizes to recombination foci and the SCP3 antibody marks the lateral element of the SC. For secondary antibodies, AMCAlabeled donkey anti-human (Jackson ImmunoResearch, Westgrove, PA, USA), FITC-labeled donkey anti-rabbit (Jackson ImmunoResearch), and rhodamine-labeled donkey anti-mouse (Jackson ImmunoResearch) were used. Slides were scanned with a Fluorescent Leica DMRB microscope and images of SCs, MLH1 and CREST locations were captured on a Leica DFC 300F camera. Prints of captured images were analyzed in order to determine the number of MLH1 foci on each individual SC in the whole cell and also to determine fidelity of chromosomal synapsis.
Fluorescence in situ hybridization (FISH)
FISH was done on slides that were prepared for meiotic analysis and stored at 280 8C. DNA probes chosen to bind specifically to chromosome X (CEP X Spectrum-Orange), chromosome Y (CEP Y SpectrumGreen) or chromosome 18 (CEP 16 SpectrumAqua) were from Vysis Inc. (Downers Grove, IL, USA). Hybridization was according to manufacturer's protocol using 1 ml probe per 10 ml hybridization mixture.
Slides were incubated in Carnoy's fixative (methanolacetic acid, 3:1, vol/vol), 10 min, followed by immersion in 2 £ SSC (0.3 M NaCl, 0.03 M Na 3 citrate·2H 2 O, pH 7.0), 5 min, 20 8C. Slides were pretreated with 25 mg/ml pepsin (Amresco, Solon, OH, USA) in 0.01 M HCl, 10 min at 37 8C, and immersed in PBS, 5 min. Then, slides were incubated in 1% paraformaldehyde/PBS, 5 min, PBS, 5 min, and sequential changes of ethanol and air dried. Slides and hybridization mixture were denatured, 8 min at 85 8C. Hybridization proceeded at 37 8C, 16 h. After hybridization, slides were washed in 0.3% NP40/0.4 £ SSC for 2 min at 73 8C followed by 0.1%NP40/2 £ SSC, 2 min at 20 8C. Slides were mounted with DAPI (DNA counterstaining; Vysis Inc.). Signals were visualized on a fluorescence microscope equipped with filters for DAPI, FITC, rhodamine and Spectrum Aqua excitation and detection.
Hybridization signals were counted according to previously published criteria, pairs that were spaced less than the diameter of a signal domain were counted as one chromosome, and pairs that were farther apart than the diameter of a signal domain were counted as two chromosomes (Hopman et al. 1986 ). We analyzed 100 cells per patient.
Statistical analysis
The statistical package Statistics/Data Analysis (STATA) was used for statistical analysis. To determine whether the mean number of MLH1 foci differed between groups, we compared the mean MLH1 foci of each individual in the control group with each individual in the KS group via the non-parametric Mann-Whitney test. To determine whether the fidelity of chromosome synapsis differed between groups, we compared the percentage of cells with fully synapsed bivalents in the control group with an individual in the KS group via the Fisher exact test.
Results
Meiotic division begins with a period of cell division characterized by four distinct stages: leptotene, zygotene, pachytene and diplotene. As shown, DNA replication and sister chromatid condensation begins in the pre-leptotene to leptotene stages (Fig. 1A) . Sister chromatids synapse along their length through the formation of the axial/lateral elements that contain SCP2 and SCP3 during zygotene ( Fig. 1B) . At pachytene, the sister chromatids are fully synapsed and recombination nodules that contain proteins such as MLH1 are visible (Fig. 1C) . Finally, at the diplotene stage, homologous chromosomes begin to separate and sites of recombination, the chiasmata, hold the chromosomes together (Fig. 1D) . Meiotic division continues to progress in an orderly fashion through meiosis I to meiosis II unless errors in the recombination or chromosomal segregation machinery trigger arrest at either of two well-defined checkpoints (Roeder 1997 , Roeder & Bailis 2000 .
In this study, we analyzed testis tissue from two groups of men: Group I was the control group and contained four fertile men with prior vasectomies. All had histologically normal spermatogenesis. Group II contained four individuals with pure, non-mosaic KS; all were azoospermic and completely lacked sperm in their semen. Histologically, the men with KS in Group II varied, especially in contrast to men with normal spermatogenesis. Men in the control group had complete spermatogenesis with numerous spermatogenic cells present from immature spermatogonia to mature spermatids. In contrast, two patients, KS1 and KS2 (KS patient 1 and 2), had well-organized seminiferous tubules with prophase I spermatocytes present. The other two men, KS3 and KS4, had sclerotic seminiferous tubules with only rare spermatogenic cells observed.
We examined immunostained meiocyte spreads from testis biopsies for each of the men in the control and KS groups (Fig. 2) . Since KS3 and KS4 had few or no pachytene cells, assessment of their recombination frequencies was not possible. KS1 and KS2, however, had sufficient numbers of pachytene cells to analyze recombination. Thus, the autosomal recombination frequency and synapsis fidelity was measured as described with antisera that mark the centromere (CREST antisera), sites of meiotic recombination (MLH1 antisera), and SCP3 (Gonsalves et al. 2004) . Results indicated that there was no significant difference in autosomal recombination frequencies between these men and controls. Our control group had an overall mean of 44.1^4.7 (S.D.) and a range of 42.6^5.9 to 45.6^4.2 recombination loci per pachytene spermatocyte (Table 1, Fig. 2) . Similarly, the men with KS had an overall mean of 46.6^5.6 and a range of 45.8^6.7 to 46.8^5.2 recombination loci per pachytene spermatocyte (Table 1, Fig. 2) . In contrast, when we tallied fidelity of chromosomal synapsis (percentage of cells with fully synapsed bivalents), we observed that KS2 had a significantly lower percentage of cells with fully synapsed bivalents compared with men in the control group (P , 0.0001 for comparisons with C1 and C2 (control patients 1 and 2), P , 0.0007 for comparison with C4, and P , 0.01 for comparison with C3).
To analyze pairing of the sex chromosomes, we examined 100 meiotic cells from KS2 and as a control C4. We found that 99% (99) of meiotic cells were XY and 1% (1) of meiotic cells were XXY in the control, whereas, 47% (47) of meiotic cells had an XXY karyotype and 53% (53) had an XY karyotype in the KS individual (Fig. 3) .
Finally, we examined outcomes of ART in the men with KS, expecting that those with abundant pachytene spermatocytes would be more likely to produce sperm. Surprisingly, however, in spite of the dramatic differences in histology and differences in SC fidelity, all four men with KS produced rare sperm that were used to fertilize oocytes (Fig. 4 ). Fertilization occurred with sperm from all four Table 1 Analysis of recombination and assisted reproduction outcomes for men in the control and Klinefelter syndrome groups. The control group consisted of fertile men who had had vasectomies. The Klinefelter syndrome men consisted of men who were diagnosed with Klinefelter syndrome and were azoospermic (no sperm in the semen). KS2 is the man with significant reductions in synapsis fidelity, as noted by reduced percentage of pachytene cells with fully synapsed bivalents.
No. pachytene cells analyzed
MLHI foci
Cells with fully synapsed bivalents (%) 
Discussion
Men with KS have increased aneuploidy in their sperm compared with fertile men with normal spermatogenesis (Guttenbach et al. 1997) . In model organisms, nondisjunction or errors in meiotic chromosome segregation are associated with absent or reduced levels of recombination as well as with recombination in suboptimal chromosome positions (Hassold & Hunt 2001) .
We hypothesized that men with KS might have altered global recombination frequencies. However, we observed no significant difference in autosomal recombination frequency in this small study. Instead we observed a significant difference in the synapsis fidelity in one man with KS relative to controls. Synapsis, the tight axial association which brings the four chromatids into an intimate alignment and stabilizes the pairing event of chromosomes during prophase of meiosis I, has been shown to be required for meiotic progression in most organisms (Yuan et al. 2000 , Libby et al. 2002 . A recent report also documented a case of an infertile man with meiotic I arrest due to failure of formation of the SC (Judis et al. 2004) . In this individual 46 full-length axial elements were observed, but no evidence of synapsis was seen between homologous chromosomes. Thus, it was concluded that abnormalities in the SC formation may be associated with a proportion of cases of unexplained male infertility (Judis et al. 2004) . A second case report identified a man with non-obstructive azoospermia with reduced recombination frequency and discontinuities in the SC ).
Here we also report an individual with KS who has SC formation defects. The defect is characterized by regions of incomplete synapsis between bivalents. This phenotype is not as extreme as complete failure to synapse but is intriguing in that it suggests the possibility that abnormalities in synapsis formation might also be associated with infertility and aneuploidy in KS patients. Due to the fact that altered recombination increases the likelihood of aneuploidy, a synapsis defect might be associated with the higher rate of aneuploidy that is seen in sperm from men with KS compared with fertile men. It is notable that histological phenotypes in men with KS varied widely. Two men had a nearly complete arrest of meiosis, with few sperm found in biopsies and only rare prophase meiotic cells seen in sclerotic somniferous tubules. The other two men had an abundance of prophase meiotic cells seen in an organized seminiferous tubule. This variation in phenotypes, all associated with a 47,XXY genotype, suggests that meiotic checkpoints in these men may vary in response to aneuploidy. Even more notable is that despite these histological differences, sperm were isolated for embryo production in all cases; moreover, in three of four cases, implantation resulted in birth of healthy, chromosomally normal babies. Notably this success was evident even in the case where 47% of spermatocytes were found to carry the abnormal XXY karyotype.
Unfortunately, although it would be useful to directly compare characteristics of sperm from KS men with characteristics of sperm obtained from other azoospermic men, sperm from men with KS are rare, limiting the feasibility of such a study. Nonetheless, our observations suggest that it would be beneficial to conduct expanded studies of autosomal recombination with a larger population of men who report for ART in order to examine 
